Dark current-voltage (dark I-V) measurements are commonly used to analyze the electrical characteristics of solar cells, providing an effective way to determine fundamental performance parameters without the need for a solar simulator. The dark I-V measurement procedure does not provide information regarding short-circuit current, but is more sensitive than light I-V measurements in determining the other parameters (series resistance, shunt resistance, diode factor, and diode saturation currents) that dictate the electrical performance of a photovoltaic device. The work documented here extends the use of dark I-V measurements to photovoltaic modules, illustrates their use in diagnosing module performance losses, and proposes their use for process monitoring during manufacturing.
INTRODUCTION
Dark I-V measurements have been used to evaluate the electrical performance of photovoltaic cells and diodes for many years. Since the 1 9 6 0 '~~ both light I-V and dark I-V measurements have been commonly used to analyze the effects on cell performance of series resistance and other parameters [l -51. More recent work describes the distinction between light I-V and dark I-V measurements in the determination of the series resistance of cells [6] . Our work extends the use of dark I-V measurements to modules composed of series/parallel combinations of cells, and uses a non-linear regression procedure to estimate performance parameters for cells in the module.
MEASUREMENT PROCEDURE
The procedure used for dark I-V measurements on solar cells involves covering the cell to eliminate lightgenerated current, using a power supply to force electrical current through the cell from the positive contact to the negative, and then measuring current and voltage simultaneously as the voltage of the power supply is increased from zero to a predetermined upper limit. The resulting direction for current flow is opposite to that when the cell is exposed to light, but the electrical configuration still results in the cell's p-n junction being in "forward bias", as during typical operation.
As a result, dark I-V measurements can be used like light I-V measurements to analyze the electrical characteristics of a cell. For modules composed of a combination of cells, the dark I-V measurement procedure is still valid, but it requires a larger power supply and a slightly different interpretation of the measured data. Sandia developed such a system for module dark I-V measurements and is now using it for three purposes: to diagnose changes in module performance following field aging or accelerated environmental testing, to provide performance parameters used in numerical simulation of photovoltaic arrays, and to help evaluate the production consistency of modules. The Sandia system, shown in Fig. 1 , is capable of making module dark I-V measurements to a maximum current of 35 amps, a maximum voltage of 60 V, and over a range of temperatures from 10 to 65 "C. Fig. 2 illustrates dark I-V measurements at 25 "C for four different commercially available modules; one crystalline silicon, two multicrystalline silicon, and one triple-junction amorphous silicon (a-Si). The shape and linearity of the measured curve at different current levels can be used to determine electrical parameters for the cells in the module; such as, series resistance, shunt resistance, diode factor, and saturation current. For instance, the degree of curvature to the right at high current levels is an indication of the magnitude of series resistance (Rs). Similarly, large curvature at low current levels indicates low shunt resistance (Rsh). An inflection in the curve near mid current levels may indicate the presence of nonideal (n#l ) carrier recombination losses. For the modules shown in Fig. 2 , the typical operating current is approximately 2 to 3 amps, but measurements were performed to higher currents for better sensitivity in the determination of Rs. To effectively use dark I-V measurements, it is beneficial to implement a numerical procedure for rapidly extracting cell parameters from the measured data.
RESULTS AND APPLICATIONS

Parameter Estimation Method and Sensitivity
Nonlinear parameter estimation software makes it possible to quickly and repeatedly determine electrical performance parameters from dark I-V measurements. Such software, adapted for dark I-V analysis, is available from MTR Software Incorporated in Toronto, Canada [7] . The electrical model chosen for use in this software is a two-diode equivalent circuit for the solar cell with shunt and series resistance included, Eqn. 1. In the model, one diode is assumed to have a diode factor equal to one (n=1) and the second diode factor (nz) is one of the five parameters estimated, along with series resistance (Rs), shunt resistance (Rst,), and two diode saturation currents (lol and Lz). The software also provides sensitivity coefficients as part of the estimation process that indicate when the measured data does not contain sufficient information to accurately estimate all five parameters. Fig. 4 illustrates the relative sensitivity of the dark I-V measurement to each of the five parameters as a function of the current level, for a typical 36-cell crystalline silicon module. Note that at high current levels the sensitivity to Rs is high, and at low current levels the sensitivity to both Rsh and to n2 are high. It is also evident from Fig. 4 that if the current range over which measurements are made is not correctly chosen, then the sensitivity to different parameters will be lost. Using properly measured dark I-V data, this parameter estimation software does a good job of estimating the desired cell parameters. Table 1 gives the cell performance parameters estimated for the module measurements shown in Fig. 2 and Fig. 3 . 1.E-03
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Amps Fig. 4 . Relative sensitivity of dark I-V measurements on a Siemens M55 module to five different parameters (Pi), as a function of current level. Table 1 . Cell parameters estimated from module dark I-V curves shown in Fig. 2 And Fig. 3 .
Module Performance Losses
Changes as small as 10% in a module's series resistance are detectable using dark I-V analysis, which is impressive when you realize that the Rs in a typical silicon module would have to double before a 5% drop in power resulted. This sensitivity to changes in Rs has made it possible for us to quantify performance losses related to solder bond fatigue in commercial modules after limited field exposure, prior to detection by other means. Early detection of these losses facilitates the modification of manufacturing processes that then extend the service lifetime of modules. Changes in the other performance parameters (Fish, lOl, l02, n2) can also be used to diagnose performance loss mechanisms that occur as a result of field aging, accelerated aging, or manufacturing process variations. The addition of module dark I-V tests to the methods currently used to "qualify" commercial modules would almost certainly improve their sensitivity to changes induced by accelerated aging tests [8] .
When coupled with thermal (infrared) imaging equipment, dark I-V procedures can also provide a visual diagnostic tool. By using the dark I-V equipment to supply a continuous current through a module, the Rs distribution in the module produces a temperature distribution that visually shows the evidence of Rs. In new c-Si modules, the temperature distribution is usually highest adjacent to interconnect ribbons. Faulty solder bonds manifest as localized hot spots.
Monitoring the Module Manufacturing Process
Quick and inexpensive diagnostic measurements are of great value at different steps during the module manufacturing process. For instance, if defective or substandard cell strings could be identified after soldering interconnecting ribbons, but prior to module lamination, then manufacturing costs could be reduced and the cause for the defect could be more quickly identified. The dark I-V measurement technique may provide such a diagnostic tool for module manufacturers. Even after module lamination, but prior to framing and installation of junction boxes, dark I-V measurements could be used to identify defective modules, and perhaps even to sort them by performance. It remains to be seen how diagnostic and versatile this method may be for different manufacturers using different photovoltaic technologies.
In order to investigate the feasibility of applying dark I-V analysis to monitor module production, a group of twelve c-Si modules manufactured within a 1-week period were tested using both dark I-V and light I-V methods. Table 2 gives the cell parameters estimated from dark I-V measurements. Since dark I-V measurements were performed at the module level, the parameters in Table 2 represent "average" values for the 36 cells in each module. The relatively large variation in Rsh was due to poor low-current resolution of our test equipment, not module variation. The Rsh value for the modules tested was relatively large, thus requiring dark I-V measurements to current levels less than 1 mA in order to accurately estimate Fist,. The variation in the other cell parameters determined from the module dark I-V measurements was reasonably small and consistent with anticipated values for the cells. It is conceivable that process limits could be defined for each parameter providing a more diagnostic method for monitoring the manufacturing process. Using the cell parameters determined from dark I-V analysis, it is possible to calculate a module's expected light I-V performance by prescribing a value for Isc and inserting the parameters in a two-diode electrical model.
A software program (PVSIM) for performing this calculation has been documented elsewhere [9] . Table 3 compares calculated performance using parameters from Table 2 to measured light I-V performance. Three things are evident from the results in Table 3 . First, the predicted Voc is in excellent agreement with the measured value. Second, the calculated I mp is larger than the measured value by about 2.5%. Third, the calculated Vmp over predicts the measured value by about 3%. The cause for the Vm, over prediction was that the R, value determined from dark I-V measurements differed from the R, value appropriate for illuminated operation, as will be discussed in the next section. The good news was that, by modifying only the Rs value, good agreement between predicted and measured values was achieved. Adding 3.5-mQ to the Rs gave Vmp within 0.3% and Imp within 2%. Agreement was particularly good when it is recognized that the uncertainty in the measured light I-V parameters was approximately +I% for voltage and e% for current. Table 3 . Light I-V performance predicted from dark I-V parameters, compared to measured light I-V performance.
difference for dark l-V measurements on modules. The cause for the difference in calculated Rs is that the imposed voltage distributions and consequently the current flow patterns are different in dark I-V versus light I-V measurements. Nonetheless, dark I-V measurements provide a valuable method for analyzing module performance parameters.
CONCLUSIONS
The utility of module dark I-V measurements and analysis has been demonstrated by the work documented in this paper. Application of the procedures described makes early detection of the effects of field or accelerated aging possible, provides an alternative means for monitoring manufacturing process variations, and with modification of estimated R, values does a credible job of predicting module performance when illuminated.
